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ABSTRACT
The recent ALMA DSHARP survey provided illuminating results on the diversity of substructures in planet
forming disks. These substructures trace pebble-sized grains accumulated at local pressure maxima, possibly
due to planet-disk interactions or other planet formation processes. DSHARP sources are heavily biased to
large and massive disks that only represent the high (dust flux) tail end of the disk population. Thus it is unclear
whether similar substructures and corresponding physical processes also occur in the majority of disks which
are fainter and more compact. Here we explore the presence and characteristics of features in a compact disk
around GQ Lup A, the effective radius of which is 1.5 to 10 times smaller than those of DSHARP disks. We
present our analysis of ALMA 1.3mm continuum observations of the GQ Lup system. By fitting visibility
profiles of the continuum emission, we find substructures including a gap at ∼ 10 au. The compact disk around
GQ Lup exhibits similar substructures to those in the DSHARP sample, suggesting that mechanisms of trapping
pebble-sized grains are at work in small disks as well. Characteristics of the feature at ∼ 10 au, if due to
a hidden planet, are evidence of planet formation at Saturnian distances. Our results hint at a rich world of
substructures to be identified within the common population of compact disks, and subsequently a population
of solar system analogs within these disks. Such study is critical to understanding the formation mechanisms
and planet populations in the majority of protoplanetary disks.
Keywords: planetary systems: protoplanetary disks – circumstellar matter – planets and satellites – planet-disk
interactions
1. INTRODUCTION
Much exciting work has been focused on determining the
link between protoplanetary disk properties and the result-
ing populations of planets (Benz et al. 2014). As the diverse
population of known exoplanets continues to grow, we are
compelled to better understand the origins of these worlds as
well as those of our own solar system. Planetesimal forma-
tion, a critical step in the formation of terrestrial worlds and
giant planet cores, remains somewhat of a challenge, as ra-
dial drift could remove disk solids ultimately by accretion of
sublimated grain material by the star (Whipple 1972; Wei-
denschilling 1997). However, if there are pressure maxima
at specific locations in the disk they might stop radial drift
and perhaps foster growth as pebbles accumulate (Lyra et al.
2008; Johansen et al. 2009; Pinilla et al. 2012; Teague et al.
2018). These regions could be isolated by searching for sub-
structure, such as gaps and/or rings in submm/mm contin-
uum emission from disk solids (e.g., Dullemond et al. 2018).
Thus, searching for these substructures is a crucial compo-
nent of understanding the formation processes and presence
of planets in circumstellar disks (Andrews 2020).
Beyond grain growth, there is now substantial work on
observable features in disks as being induced by forming
planets (Wolf & D’Angelo 2005; Dodson-Robinson & Salyk
2011; Zhu et al. 2011; Gonzalez et al. 2012; Pinilla et al.
2012; Ataiee et al. 2013; Bae et al. 2016; Kanagawa et al.
2016; Rosotti et al. 2016; Isella & Turner 2018), and charac-
teristics of these substructures, such as gap width and depth,
have been used to infer properties of the potential forming
planets (Kanagawa et al. 2015, 2016; Dong & Fung 2017).
The Disk Substructures at High Angular Resolution
Project (DSHARP) conducted using ALMA provided high
resolution data of 20 large, bright disks. The results of
DSHARP reveal a diverse and abundant population of sub-
structures, which have been linked to planet formation
through subsequent study (Zhang et al. 2018). While this
initial survey, and others such as the survey of disks in the
Taurus star-forming region by Long et al. (2018), provides
compelling observational results linking circumstellar disk
properties to planet formation, it is biased toward large disks
with high dust flux- only a small portion of the full disk
population. We are left wondering if, and to what extent,
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Figure 1. Size-luminosity relationship for millimeter continuum
sources with disk properties from Andrews et al. (2018a). We show
GQ Lup (red diamond) in comparison to Lupus and Taurus sources
(grey circles) as well as DSHARP sources (green circles). It shows
that GQ Lup moves toward a discovery space of smaller disks.
substructures and corresponding formation processes also
occur in smaller disks.
The majority of disks are faint and exhibit compact
(sub)mm continuum emission with effective radii < 20 au
(Ansdell et al. 2016; Pascucci et al. 2016; Williams et al.
2019). Effective radius (Reff) is defined as the radius at
which the cumulative flux encompasses 68 percent of the
total disk continuum flux (Andrews et al. 2018a). While Reff
is not a measure of a disk’s outer cut-off, and one does see
emission and substructure outside of Reff, it is used here to
demonstrate GQ Lup’s disk size relative to those in DSHARP
and other studies. Compact disks present a useful popula-
tion of study in the pursuit of understanding the formation
processes of solar system analog planets. High angular res-
olution observations with ALMA make this study possible,
allowing us to resolve substructures in the dust continuum.
We utilize 1.3 mm observations from ALMA to study GQ
Lup, a source with a compact disk. In Figure 1, we show that
GQ Lup is much more compact than the DSHARP sources,
with an effective radius of 19 au as compared to the aver-
age DSHARP size of 50 au (Andrews et al. 2018b). It is an
important step forward to show that ALMA can be used to
accomplish investigations of planet formation in small disks.
Using ALMA data of GQ Lup at 1.3mm, we explore the
presence of substructures and the potential of hidden plan-
ets, including one at Saturnian distances. This work moves
toward an ALMA discovery space of solar system analog
planets forming in compact disks.
2. METHODOLOGY
2.1. Observations and Data Reduction
This work utilizes ALMA observations of the GQ Lup
System. Continuum analysis was performed using the
#2015.1.00773.S. data set first presented by Wu et al.
(2017). These observations were taken on UT 2015, Novem-
ber 1 in Cycle 3 with the Band 6 receiver. The observations
utilized 41 12-m antennas for a total on-source time of 11
minutes. The baseline coverage was 84.7–14969.3 meters.
The three basebands configured for continuum observations
are centered at 233.0, 246.0, and 248.0 GHz respectively,
and provide a total continuum bandwidth of 2 GHz. Data
were reduced using the CASA package (version 5.0.0-218)
(McMullin et al. 2007). We followed data reduction steps
outlined in Wu et al. (2017), performing three rounds of
phase-only self calibration with the TCLEAN algorithm with
natural weighting, giving us a synthesized beam of 0.′′057 ×
0.′′032. We ensure that the image is properly centered by
fitting a Gaussian to the continuum source and centering
the image using fixvis in CASA. Our continuum map was
produced by imaging the calibrated measurement set with
the TCLEAN algorithm, and has an rms of 56 µJy beam−1.
From imaging our calibrated data set with all continuum
windows, we retrieve an integrated flux of 26 mJy for the
GQ Lup A disk, well matching results from Wu et al. (2017).
3. RESULTS & ANALYSIS
3.1. Deriving the surface brightness profile of the 1.3 mm
continuum
To uncover substructures in the GQ Lup A disk, we employ
an empirical model-fitting approach in the visibility domain
(Taylor et al. 1999). This approach has the advantage of us-
ing full baseline lengths and thus can recover smaller spatial
scale structures than the CLEAN images (Zhang et al. 2016).
The data are deprojected using an inclination angle i = 60◦
and a position angle φ = 346◦ (MacGregor et al. 2017). A
source distance of 152 pc (Brown et al. 2018) is used for con-
versions between angular distance and au. The deprojected
visibilities (u′, v′) and radial brightness profile (Iv(θ)) are
related by a Hankel transform (Taylor et al. 1999):
u′ = (u cosφ− v sinφ)× cos i (1)
v′ = u sinφ+ v cosφ (2)
V (ρ) = 2pi
∫ ∞
0
Iv(θ)θJ0(2piρθ)dθ (3)
where ρ =
√
u′2 + v′2 is the deprojected uv-distance in units
of λ, θ is the radial angular scale from the center of the disk,
and J0 is a Bessel function.
We model I(θ), the disk surface intensity distribution cor-
responding to intensity in the image domain, with a paramet-
ric function (Equation 4) developed by Zhang et al. (2016).
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The key feature of the model function is that it is a composite
of Gaussian functions modulated with sinusoidal amplitudes.
I(θ) =
a0√
2piσ0
exp
(
− θ
2
2σ20
)
+
∑
i
cos(2piθρi)× ai√
2piσi
exp
(
− θ
2
2σ2i
) (4)
This parametric model has been tested with ALMA ob-
servations of several protoplanetary disks and shown robust
matches to long-baseline observations (e.g. Rubinstein et al.
2018).
Model-fitting was performed using MPFIT (Markwardt
2009), a Levenberg-Marquardt least-squares minimization
algorithm. This routine iteratively fits our parametric model
to the real visibilities by searching for optimum values of free
parameters {a0, σ0, ai, σi, ρi}. We provide initial guesses for
the amplitudes {ai} and central locations of Gaussians {ρi}
based on peaks in the visibility profile. We use two Gaus-
sians based on the two peaks seen in the visibility profile,
though we note that this model underestimates the uv profile
at the shortest baseline. A model with three Gaussians pro-
vides the best fit at the shortest baseline, as shown in the left
panel of Figure 2, and suggests additional substructures may
exist in GQ Lup A. However, given that there are only two
clear peaks in the visibility profile, we proceed with a best-fit
parametric model using two Gaussians: one for the central
peak and one for the peak around 1600 kλ. We report best-fit
parameters and errors in Table 1. The real visibilities, best-fit
model, and model radial intensity profile are shown in Figure
2.
We produce 2D images based on the best-fitting radial pro-
file and compare directly to the observed continuum image
(Figure 3). In general, the best-fit model does an excellent
job in reproducing the observed continuum image. Since our
best-fit model is axisymmetric, the most significant residu-
als are asymmetric features. We find 7σ residuals, but the
current data do not have sufficient resolutions to identify the
detailed shape of these asymmetric features. For following
analysis, we focus only on axisymmetric substructures.
3.2. Characterizing Substructures
Using our best-fit model of the radial surface brightness
profile, we identify substructure features (e.g., gaps and
rings) by searching for local maxima and minima. We em-
ploy the same method that Huang et al. (2018) used to iden-
tify substructures in the DSHARP sample, labeling dark gap
features with the prefix D and bright ring features with the
prefix B. Figure 12 in Huang et al. (2018) shows a schematic
for their definition of width, which we employ here.
Some substructures do not exhibit a clear minimum or
maximum, but rather a “plateau" shape, while still demon-
strating a deviation from the regular disk profile. We see this
for the feature centered at ∼ 10 au (Figure 2). Huang et al.
(2018) find similar features in MY Lup and DoAr 33. We nu-
merically compute the gradient of the radial intensity profile
in the region of interest and determine where the change in
radial intensity becomes significantly small, using the con-
dition that 1Iv(r)
dIv(r)
dr be greater than -0.05 (Huang et al.
2018).
For D1/B1 we lack a robust method for measuring depth,
as the intensity Ib of the brighter region where the gap ends
is inherently lower than the intensity Id where the gap be-
gins. To estimate the depth, we fit a function to the data on
either side of the feature, extending 5 au on either side where
1
Iv(r)
dIv(r)
dr is less than -0.05 and directly compare the inten-
sity in the region of the plateau feature to the intensity in the
same region given by the function.
Using these methods we identify and characterize a robust
feature at ∼ 10 au, as well as a tentative feature at 32 au
which is suggested by the 3-Gaussian-fit model. The gap at
32 au (D21) has a width of 2.25 au and a depth of 0.957.
Its neighboring ring at 35 au (B2*) has a width of 3.15 au.
The gap at 8 au (D1) is more broad in shape and its center
falls within the range 8-13 au. The center panel of Figure
2 shows the locations of identified substructures, and values
associated with the two gaps are listed in Table 2.
3.3. Masses of Hidden Planets
Here we interpret gaps in the GQ Lup disk in the context of
disk-planet interactions. However, we note that the origins of
substructures in disks are still under debate. Other possible
origins include changes in dust properties near condensation
fronts of dominant ices (Zhang et al. 2015; Okuzumi et al.
2016), and magneto-hydrodynamic processes (Flock et al.
2015). Low-contrast structures in the radial profile could also
be related to temperature variations rather than gas density
variations alone. Breaking the degeneracy between temper-
ature and density requires observations of multiple CO tran-
sitions (Facchini et al. 2017). Kinematic information from
line observations can further confirm the presence of planets
(Teague et al. 2018, 2019).
To estimate the masses of inferred planets we begin with a
total dust mass of 5.9M⊕ from Model A in Wu et al. (2017),
one of their best-fit models. We convert this value to total gas
mass using a gas-to-dust ratio of 100. We also use a second,
lower value of total gas mass that MacGregor et al. (2017)
retrieved using a simple parametric model of disk structure.
Given the large difference between values in gas mass for
1 The gap D2 is presented tentatively because it is only suggested by
the 3-Gaussian-fit model and not by the best-fit 2-Gaussian model. Values
associated with this tentative feature are reported but are denoted with an
asterisk (e.g., D2*).
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Best-Fit Parameters
Gaussian a (Jy/arcsec) σ (arcsec) ρ (kλ)
1 0.129± 0.0012 0.0777± 0.0006 0.0 (fixed)
2 0.0338± 0.0029 0.0791± 0.0061 1615± 28
Table 1. Optimal values of free parameters and uncertainties from our fitting using MPFIT and the parametric model of disk surface intensity
distribution from Zhang et al. (2016). These values describe the two Gaussians which are used to model the deprojected visibility profile (Figure
2).
Figure 2. (left) Visibility profile for continuum emission of GQ Lup. Black dots show the real parts of visibilities. In each panel, the blue
curve is our best-fitting model, while the grey curve shows a 3-Gaussian-fit that best fits the data at the shortest baselines but lacks motivation
from peaks in the visibility profile. (center) Our model radial intensity profile for GQ Lup A. Dashed lines denote gaps and solid lines denote
rings. (right) Azimuthally averaged radial profile of the observed flux density (CLEAN image) compared with the model prediction from
visibility-fitting in blue. The visibility-fitting method generally matches the CLEANed method but also reveals smaller-scale structures.
Figure 3. Our data image, model image, and residuals. For the data and model image, contour levels are in steps of [5, 10, 20, 30] x σ (where
σ = 56 µJy beam−1, the rms of the image). For our residuals we plot contour levels [-7, -5, -4, -3, 3, 5] x σ (σ = 52 µJy beam−1). Negative
values are dashed contours and positive values are solid.
these methods, we use both in order to provide a range of
planet mass estimates.
We approximate the total gas mass as the total disk mass
and convert from total disk mass to Σ0, gas surface density
at 1 au, using
md =
2piΣ0
2− γ (r
2−γ
out − r2−γin ), (5)
with radius values rin = 1.5 au and rout = 23.8 au from Model
A in Wu et al. (2017). We solve for Σg,0, the gas surface
density at the location (rplanet) of a possible planet, using
the relation
Σ(R) = Σ0
( R
1 au
)−γ
. (6)
We employ the model used by Wu et al. (2017), with γ =
0.1, which has a fairly flat disk surface density distribution.
We also test steeper distributions using γ = 1 and γ = 1.5,
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but proceed with γ = 0.1 as all of the distributions lead to the
same choices moving forward.
An initial disk gas mass of 590 M⊕ gives us a gas surface
density of approximately 10 g cm−2 at the locations of gaps
D1 and D2*, while an initial disk gas mass of 71.3 M⊕ gives
us a gas surface density of approximately 1 g cm−2 at these
locations. Using
St = 1.57× 10−3 ρp
1gcm−3
s
1mm
100gcm−2
Σg,0
, (7)
and assuming a maximum particle size of 0.1 mm (p = 3.5
and smax = 0.1) (Hull et al. 2018; Kataoka et al. 2017), we
calculate Stokes numbers of 1.57×10−3 and 1.57×10−2, re-
spectively. Using these values we select related models from
Tables 1 and 2 in Zhang et al. (2018) to perform our subse-
quent calculations of planet-star mass ratios. We use fitting
relationships outlined by Zhang et al. (2018) to relate gap
width and depth to the planet-star mass ratio, q. Zhang et al.
(2018) use power laws to fit observable quantities, defining a
parameter K as being proportional to q and having a power
law dependence on scale height. Least squares fitting is used
to determine coefficients (A, B, C, and D) for relationships
between depth and its optimal degeneracy parameter K, as
well as between width and its optimal degeneracy parameter
K’.
For width-fitting we use ∆ values determined from the
inner and outer radii of the gap features listed in Table 2.
∆ = (rout − rin)/rout. We solve for K’ and determine the
planet mass ratio q using
∆ = AK ′B , (8)
and
K ′ = q(h/r)−0.18α−0.31. (9)
We proceed with depth-fitting using δ = Ib/Id, the inverse
of the depth values listed in Table 2. We solve for K and
determine the planet mass ratio q using
δ − 1 = CKD, (10)
and
K = q(h/r)−2.81α−0.38. (11)
To produce their suite of models, Zhang et al. (2018) used
three different scale height values, (h/r) = (0.05, 0.07, 0.1),
and three different values for the disk turbulent viscosity co-
efficient, α = (10−4, 10−3, 10−2). We choose the middle
values, simulating “average" conditions. We convert from
planet-star mass ratios, q = Mp/M∗, to planet mass estimates
using the mass of GQ Lup A, 1.05M (Wu et al. 2017) and
present our estimates in Table 2.
The upper mass values for a potential planet in feature D1
are large as this feature has a “plateau" shape. Lacking a ro-
bust method for measuring its width, we employ the same
definitions as Zhang et al. (2018). We further consider that
broad, shallow gaps may be a sign of low viscosity (small α),
as is the case for AS 209 (Fedele et al. 2018). We repeat the
process using α = 10−4 assuming a lower viscosity disk and
include the resulting planet mass values in Table 2 for com-
parison. We note that there is a wide range of mass values for
this feature due to difficulties characterizing plateau features.
We ultimately present a range of mass estimates for in-
ferred planets in the gap at 8 au, and tentative gap at 32 au.
For a low viscosity disk (α = 10−4) we present a mass range
of 3.07-355 M⊕ for D1 and a range of 0.62-2.44 M⊕ for
D2*. For a more viscous disk (α = 10−3) we present a mass
range of 7.37-724 M⊕ for D1 and a range of 1.27-5.86 M⊕
for D2*.
4. DISCUSSION AND CONCLUSIONS
This work presents the detection of dust substructures in
mm emission of a faint, compact disk. Using high resolution
ALMA 1.3mm observations and modeling in the visibility
domain, we detect substructures in the GQ Lup disk. Our
study of GQ Lup contributes to an effort to build a compre-
hensive understanding of disk evolution and planetary forma-
tion, which balances the rich high-resolution observations of
bright disks with equally rich studies of faint disks.
4.1. Origins of Compact Disks
The study of substructures in compact disks has implica-
tions for our understandings of disk formation and evolution.
In their ALMA study of compact disks in the Taurus star-
forming region, Long et al. (2019) did not see significant sub-
structures in continuum images for compact disks (< 50 au)
at 0.1" resolution. Such compact disks may have lost their
outer dust disk over time due to rapid radial drift, with no
trapping mechanisms at work to stop it. This effect is seen in
the case of CX Tau, where the large difference in extent be-
tween continuum emission and molecular emission indicates
strong radial drift (Facchini et al. 2019).
Alternatively, compact disks might simply be born small or
may be truncated due to tidal effects of companions in mul-
tiple systems. Manara et al. (2019) find that the majority of
disks around primary stars in multiple systems have dust radii
that are significantly smaller than disks around single objects.
Since GQ Lup A has a companion at a projected separation
of ∼ 110 au, its disk evolution may have been affected by in-
teractions with its companion. High resolution observations
of CO emission in GQ Lup and additional compact sources
will be necessary to understand the affects of truncation and
build a larger picture of the physical mechanisms occurring
in compact sources.
6 LONG ET AL.
Gaps and Inferred Planet Masses
Feature r0 (au) Width (au) Depth Fitting Method md (M⊕) q (Mp/M∗)
Planet Mass M⊕
α = 10−3 α = 10−4
D1 8 5.85 0.940
Width
590 2.08 x 10−3 724 355
71.3 9.59 x 10−4 334 164
Depth
590 2.12 x 10−5 7.37 3.22
71.3 2.22 x 10−5 7.73 3.07
D2* 32 2.25 0.957
Width
590 5.00 x 10−5 1.27 0.62
71.3 5.76 x 10−6 2.01 0.98
Depth
590 1.66 x 10−5 5.77 2.40
71.3 1.68 x 10−5 5.86 2.44
Table 2. Radial locations and characteristics of gaps and corresponding mass estimates for inferred planets. We report mass estimates for
features D1 and D2*, which show the most promise of containing a hidden planet. We present values for both width and depth fitting techniques
(Zhang et al. 2018), which are broken down further based on initial disk mass (md) and α. Our scaled mass value of 590 M⊕ is based on
gas-to-dust ratio of 100 and a dust mass of 5.9 M⊕ (Wu et al. 2017), and 71.3 M⊕ is the gas mass value given by MacGregor et al. (2017).
Our detection of substructures in a compact disk suggest
that pressure gradients and dust traps are present within
smaller disks. We argue that low-contrast or narrow unre-
solved substructures are present in many compact disks, per-
haps including those in the Taurus sample studied by Long
et al. (2019). These pressure gradients likely prevent rapid in-
ward radial drift from depleting the reservoir of pre-planetary
solids. Further study of substructures in compact disks in
both multiple and single systems will provide important in-
sights and constraints to the evolution and planet-forming
abilities of the larger population of compact disks.
4.2. Origins of Substructures
Understanding how disk environments contribute to planet
formation offers insight to the diversity of planet properties
we observe, as well as the formation of our own solar sys-
tem. There is a growing interest in inferring the properties of
young forming planets from the dust substructures in a given
disk. The substructures we detect in the GQ Lup disk may be
induced by young forming planets. If induced by a forming
planet, the feature centered at ∼ 10 au is evidence of planet
formation at Saturnian distances. The compact disk there-
fore represents an environment in which we may study the
formation of solar system analogs.
We provide mass ranges for planets which may be form-
ing in the GQ Lup disk. Planets inferred to be forming in
the larger DSHARP disks (Zhang et al. 2018) are generally
Neptune mass planets past 10 au. The planets we infer in the
GQ Lup disk are possibly smaller, particularly in the tentative
gap D2* at radius 32 au which has a planet mass range 0.62-
5.86 M⊕. As for the broader feature D1, we present a wider
and higher planet mass range than that of D2*. We find that
planet mass is higher at smaller radii, though cannot make
generalizations as we are limited to one source. Our findings
are consistent with understandings of giant planet formation
which show that it is rare to find giant planets on wide orbits
(Zhang et al. 2018; Bowler & Nielsen 2018).
We note again that GQ Lup has a substellar companion.
It has been suggested that substructures in binary systems
may be caused by tidal interactions with a companion. Wag-
ner et al. (2018) show that the spiral arm features in the disk
around HD 100453A may be related to companion interac-
tion rather than embedded planets or other causes. We must
therefore consider that substructures in the GQ Lup disk may
be related to tidal interactions with GQ Lup b. We do not
yet see clear spiral structure in the disk, and rich informa-
tion about the system configuration and binary orbit would
be necessary to either confirm or rule out tidal interactions as
a cause of substructures in the GQ Lup disk. Thus we cur-
rently present embedded planets as a possible cause for the
gap features identified in this work.
Our preliminary study of GQ Lup hints that a rich world
of substructures are present in small disks, which may be
related to young forming planets. We present the detection
of substructures and hints of planet formation at Saturnian
distances in the disk of GQ Lup and conclude that compact
disks may represent a space in which to probe the formation
of solar system analogs. Further high resolution study of disk
substructures in compact disks is necessary in order to infer
the broader population of young forming planets in these en-
vironments.
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